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The research performed under this contract centers around the study and
development of semiconductor microcavity lasers in the GaAs/AlGaAs/InGaAs material
system. In addition, theoretical modeling is developed to study the influence of small
cavities on laser performance. In the course of this work we have developed and studied
bistable vertical-cavity surface-emitting lasers (VCSELs) [1,5,6 of publications below],
fabrication processes to realize low-threshold microcavity lasers [14,19,20], and detailed

-• modeling describing the influence which the semiconductor microcavity exerts over the
spontaneous emission and lasing characteristics [2-4,7-13,15-17]. I believe that our besto - and most interesting results have been achieved in our last year of funding. Since they

00 • build heavily on our earlier two years of research I will focus this final report on these
€ • results achieved in the final year.

Because of the VCSEL's vertical geometry, it appears ideally suited for applications
ivlighigh-speed integrated optoeletromocs. There are important fetue un-u o h

- VCSEL as compare to other forms of siconduct lasers. The very short cavity length
(several optical wavelengths long) selects a single lon mode, and the vertical cavity
allows wafer scale testing and easy monolithic integration with other devices. Also, the
vertical cavity gives the, potential to ini•id both the optical mode volume as well as the
gin volume. This ability to minimz the active volume of the VCSEL suggests that when
optimized, this device structure will provide the lowest threshold current of any
semiconductor laser. A reasonable estimate of the achievable minimum threshold current
for a single 2pm diameter lasing spot is -101pA (current density of -300A/cm 2). Such low
threshold currents point to the potential impact which the VCSEL can make in complex

opteletroic circuitry requirng a high degree of optical functionality, and to the use of the
VSLin battery driven applications.

Our research has sought to make such low values of threshold currents a reality
through studies of the cavity influence on lasing in such microcavities, and in the
development of novel processing techniques to efficiently such small laser structures.The cavity mirrors play a central role in the VCSEL inp= deiig tshe alasing mode bothspcrly and trnvesly, which is .difernt than the longer edge-emitting lasers. Both

our experim l and theoretical studies show the Imrtance Of high contrast Bragg
reflects in reducing the lasing t .ld of planr VCS due to lateral optical mode

[18,20]. In direct comparison of photopumped Fabry-Perot microcavities
having either low contrast AIAs/MM As DBRs or the higher contra ZnSte/C, DBRs weshow tat the higher contrast ZnSe/CaF alow for sirnedt ruction of lasing
threshold (geater than a factor of ten) over the same range of active region dimensions in
which the threshold remains fixed for the AlAs/GaAs DBRs [18]. We have studied the4MtUW roA of the cavity reflector tting, the amves mode theef .cal. y also, bydeveloping the theory of the self-cousistent lasing modes in planar microcavities directly

from Maxwell's equations. Our thioretcal work has also focused on a fully quantum
mechanical theory of the lasing chtics of microcavities. A main emphasis of this
work is in uerstandin how the small cavity affects both the spontaneous emission rate
and the stimulated emission rate into the lasing mode, and we now have the quantum theory
for spontaneous emission into the lasing we believe fully calculated. Our recent yet
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unpublished theoretical effort in understanding both the stimulated emission dependence
and the lasing mode photon lifetime dependence of the cavity have recently met with
success also, and we hope to publish the full quantum theory of such laser structures in this
summer of 1994.

In the course of the three yeas of experimental work on current driven VCSELs we
have made several demonstrations of VCSEL performance improvements which play an
important role in our most recent work One significant achievement is the development of
the ZnSe/CaF mirror system. This allows us great flexibility is designing the VCSEL for
low threshold operation. Recently we have combined this mirror system with a new
process for current confinement in a VCSEL [20]. The current confinement is based on a
novel native oxide process developed at the University of Illinois in the group of Prof. N.
Holonyak. In this process high Al composition AIGaAs is converted to a native AlxOy
using a "wet" oxidation process. The oxidation is performed in the 4500C to 5000 C
temperature range, and proceeds selectively in the AIGaAs relative to GaAs. That is, only
the AlGaAs is oxidized, while the GaAs remains intact. We use the process to form a
novel buried oxide ring contact to the VCSEL. Based on this native oxide process, we
have recently demonstrated VCSELs with continuous wave room temperature threshold
currents of 225ptA on 8pm square active region devices. To our knowledge this is the
lowest threshold current yet achieved anywhere on a VCSEL. We have also demonstrated
smaller device active regions of 4 and 2pm, but these have shown some increase in leakage
currents, and accordingly higher thresholds. From our theoretical and experimental studies
on transverse modes in planar microcavities, it would appear that 2gm diameter active
regions should provide adequate optical confinement so tnat threshold currents could scale
with device area. Based on the 225pA for the 8pm devices, a threshold current of 14pjA

may be speculated for a 2prm device.

Our future studies will be in studying the lasing modes in semiconductor
microcavities, both theoretically and experimentally. We expect the native oxide processing
we have demonstrated to play a central role in the experiments. We will continue to focus
on the important role of the Bragg reflecting mirrors, and ways to further increase contrast
ratios over that presently used.
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Defense Technical Information Center
Building 5, Cameron Station

Alexandria, Virginia 22304-6145 -
Dea Sir,

Please find enclosed the reporting information for the ONR contract No. N00014-
91-J-1952. Enclosed is a letter report and publication report for the period of May 31,
1991 through June 1, 1994 and a latest preprint to be published in Applied Physics Letters
in July of 1994 describing our laest experimental results on semiconductor vertical-cavity
lasers. Also included is a report for the last year of funding from May 31, 1993 through
June 1, 1994. If I can supply more information on the work performed under this contract
please let me know. The ONR support of our work in this time period has been crucial to
our accomplishments in the area of semiconductor lasers.

Best regards,
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Dama art presented characterizing & new process for fatbrication of vertical-cavity surface-emiting
laser based on the selective conversion of high Al composition epitaxial AlGaAs to a stable native
oxide using "wet oxidation.", The native oxide is used to form a rin contact to the laser active
region. The resulting laser active regions have dimensions of 8, 4, and 2 pin. Thbe lowest threshold
lnase is achieved with the 8-p~m active region, with a minidmum threshold current of 225-AA
continuous wave at room temperature.

It is well appreciated that high Al composition single- wavelength layers of p-type Al4,s/GaAs. A seven-period
crystal AlGaAs is chemically unstable in the typical room- graded superlattice is used on both sides of the AlAs layers
temperature atmospheric environment, and "hyd~rolyzes" immediately surrounding the active region, which is effective
into various oxides in times ranging from misnutes to months in reducing the electrical series resistance.
or years.' Ti~s chemical instbility can be deleterious to the After the MBE growth of the heterostnicture, the lasers
performance of semiconductor devices which use the Al- are fabricated by first defining 30- or -6~ -diam photore-
GaAs material On the other hand, Holonyak and a variety of sist dots on the p-type GaAs surface.1~ exposed p-type A-
co-worker have developed a process whereby at elevated GaAs layer is then selectively removed to form shallow
temperatures the chiemical-itstability of high Al composition GaAs mesas using a succinic acid solution maintained at a
Al~aAs leads to the conversion of this mateia to stable temperature of 50OC with the pH adjusted to 4.3.9 After
"T native" oxides of M3 0, 24 An advantage of the oxidation removing the photoreuist from the GaAs mesas, the exposed
V rocm for rn-v&A* deoc ht the high Al composition AlAs layer is oxidized in a furnace set at 475 OC. The oxi-
AIGaAs may be seetV"*oxiie as compared to lower dation time is -3 min. As described in the initial papers on
Al - ýAlC*"s esp~ecially as compared to GaAs. the hydrolyzation, process,25s the fiurnce is supplied with a

Ir TS 3C~dQ makes It possible to "bury" the oxidized flow of N2 bubbled through de-ionized water heated to a
layers using lateal diffusion, below singl-crsta GaMs temperature of 95 OC. The oxidation of the AIMs layer pro-
liayers? We use this characteristic to form a ring contact to ceedS Materaly beneath the GaAs mesas due to diffsion.

a etia..aity -- -- emittng lase (VCSEL). This burled oxide layer then defines a currntlPn path for carrier
One of the attrctive features about the VCSEL is its injection fthough the remaining intac p-type AlAs into the

potePntia ffor low lasing ftheshold This potential stems di- lase active region (see Fig. 1).
nctly from the ability to minimize the active volume using Figure 2 shows a scanning electron microscope photo-
the short% low-loss vertical cavity. The potential for low graph looking down at the top surface of the epitaxilstruc-
threshlbd cunent along with sinle spectral mode haig, ture after oxidation. The buried oxide shown in Fig. 2 forms
good beamn characteristic, and surface normal emission, a 4 pmX4 p~m square region which serves as the current
makes the VCSm.. an impoWan device to consider for inte injection path. The squar pattern formed by oxidation is
grated oploeleconc applications. Earlier work has already indicative that the process has a crystallographic preference.
been reported in which subminhiampere threshold currnt From our studies of other heterostructure we have found
were achieved," and m re ecnty - 1tmeltr con- that the resulting square geometry due to the oxidation is
tinuouns wave (cw) ftexsholds as low as 470 IAA have bee directly attributable to the graded superlattice layers grown
reported.8 In this letter we report even lower threshold cur-

rent for devices which utilize the native-oxide process, with A0a minimum threshold current of 225 AA demonstrated for an
8-pm square device. IaA~~

Figure 1 shows a schemai cross section representing _____________

the epitaxial layers of the VCSEL after oxildaton. The epi- nA~I~
taxial structure is grown on a GaAs substrate- by molecular .DBR

beama epitaxy (MBE) and consists of a 0.5-Mmn n-type GaAs n41 Sb
buffe laye folowed by a 26 pain~ n-type Al"AssAs ________

quarte-wave distributed Bragg reflector, an active region
cmsugOf three 60-A In2Gausm quantum wells sep.- FIGIScb .cu ncd (to sca*)aof lbIbale ring coact

Ied by IMI- GaAs barriers in a one-wavelength-hik VCI -- ,Oft* I of do j~ xdtfto aA M3 -
GaAs spcrlayer, and foliowed by one pair of quarter- -~m~~ - ~ tw ma~imdlaing thedevic adve ulm&&
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-25 0 25
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Current (mA)

FRIG. 4. Light vs current curm measured cw at room temperature for a 4-pAm
square VCSEL. The iuset shows measured Wfar-eld radiation patterns at
current levels of (a) 400.uM (dashed curve) and (b) 2.0 mA (solid curve).

lengths in optical addressing schemes, 12-11 and the reduction
FIG. 2. Scaimba electron microscope photograph of a noie-oxide defined of the lateral mode for small active volume lasers. 14
4-jMe squar AlAs region buried beneath a 30-jam-diam, GaAs mesa. The Fiue3thog5sowhelhtvrscrenca-
oxide lay.- surroudig and benmeath the GaAs mesa provides device n.Fgrs hogh5so helgtvesscrrn hr
tdon for cuffent injection. acteristics and fa-field radiation patterns for the native-oxide

defined lasers with active regions of 8-, 4-, and 2-/an
during MBE between the GaAs and AlAs. A circular dot square, respectively. The lowest threshold currents are
shape results even for submicron dimensions for the lateral achieved for 8-ian square devices, with a Minimum cw
oxidation of very simnilar heterostructures in which the threshold of 225 /AA along with an output power of 0.46 mW
graded interface ar absenit, at six times threshold (Fig. 3). The far-field radiation pattern

The 30-jan Gaks mesas ane defined with 500-jan spac- remains a stable single lobe up to two times threshold, at
ings, and electrical isolation between the lase devices is also which point side lobes appear. Also shown in Fig. 3 is the
provided by the exposed M40, layer. Electrical contact is far-field radiation pttr at fou -times threshold with the
made to the i'-typ GaAs surface and exposed Al0, using side lobes evident-
Cr/Au metallization. Thbe active areas, of the laser are ex- Despite the low threshold current achieved in the 8-jan
posed using a lift-off process to remove metallzation, form- device, there is some leakage currnt due o -the oxidation
ing a 10-jan-diam opening gabve the active region. The lift- process which degrades the p-n juinction We speculate that
off leaves 100 jsmX400 jan rectagular conact pads around this leakage current is stress induced by the oxide, and the
each device aligned on the 5030 jan X5oo Am grid. The top Problem becomes more severe for smaller device sizes. This
refiectors,which are an additional five pairs of quarter-wave leaktage current is at least partly responsible for the increased
ZnMWCaF 2 layers, are then deposited on the p side using threshold currents measured for the smaller active region: of
electrn-beam evaporation. The ZnmeCaF2 materials have 4 Amn (Fig. 4) and 2 /Am (Fig. 5). Comparison of the current-
been shown to form high reflectivity, low-loss mirrors,1011  voltage characteristics on the three different device sizes
and possess advantages over the lower contrast Al c/GaAs show increasing forward current for a given voltage as the
mirrors Two advantages are the flexibility, of probe wave- device diameter is decreased (data not shown). We have

Fling Contact VCSEL Ring Contact VCSEL
som Squal 2gr Squar

04-CW 300K soCW 300K () A()-

0.4 2

j2 0 25-2 0 2

Aniea)gr" Angle (degrees)
0.0 1 ~)'0 -/

0.0 0.5 1.0 1.5 0.0 5.0 10.0
Current (mA) Current (mA)

FnG 3. Ligk vs curen cur" measured ew at, oom temperature for an F7IG. JS. igvscuren cvew measurd w atroracem perature for a 2-om
$-pmo msia VOSIL The inset shows measued -ftiled, radiation pawas squaree VCSEL. The inse shows measured far-field radiation pamuns at
ot cuaelevels of (a) 280 MA (duased curve) and (b) 1.0 mA (solid curve). currnt levels of (a) 3.0 MA (dJOWe curve) and Wb 10 m.A (solid curve).
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found that the leakage current through the oxide is negli- cults incorporating the VCSEL as well as for the discrete
gible, and again speculate that the leakage current arises due laser diodes demonstrated here.
to minority carrier recombination at the oxide-semiconductor The authors acknowledge useful conversations with N.
interfaces. If this leakage current is controlled, we expect Holonyak, Jr. concerning the oxidation of AlGaAs, and are
threshold currents to scale with decreasing active area at also grateful to J. Sarathy and J. C. Campbell for assistance
least to the 4-pAn dimension. An estimate of the lasing mode during this work. TJR acknowledges useful conversations
diameter from the threshold far-field radiation patterns sug- with L F. Lester. The work at the University of Texas at
gests that the lasing mode is on the order of -3-4 pm Austin has been supported by the Office of Naval Research
diameter in both the 8- and 4-pm devices, and therefore is under Contract No. N-0014-91-J-1952, the Joint Services
well confned. In the smaller area devices the lasing mode is Electronics Program under Contract No. F49620-92-C-0027,
more stable, and remains single lobed up to four times and the Texas Advanced Technology Program under Contract
threshold for the 4-pm square, at which point side lobes No. TP-024.
appear (see Fig. 4). The radiation pattern of the 2-pum square
device, Fig. 5, shows an increased angular width due to the
reduced active region, and remains single lobed over the 'MN. R. . EI-Zein. N. Holonyak Jr. K. C. Hie. R. D. Bu-han, and R. D. Dupuis 1. App!. Phays. 68. 2235 (1990).
range of measurement. 2j. 1V Dllesasse. N. Honyak., Jr.. A. R. Sug. T. A. Rkhard. and N.

An inherent problem in VCSEL designs in which the El-Zeb, AW!L PLays. L 7, 28" (1990).
hole current must pass through p-type semiconductor Bragg 3A. R. Sugg. E. I. Che T. A. Richard. N. Holonyak. Jr., and K. C. Hsieh.
reflectors iS high electrical series resistance. While there has ,. Phys. 62. 1259 (1993).

4A. R. SuU, L. L Chen. T. A. Richard. N. Holanyak, Jr.. and K. C. Hsieh.
been progress in reducing the mirror resistance through j. AppL mi. 74. 797 (1993).
graded beterojunctions and localized doping, as the device S. A. Maranowski. A. R. Sug. F. I. Chen. and N. Holocyak. Jr.. App!.

dimensions continue to scale smaller this resistance problem Phys. Leit. 63.1660 (1993).
'wv. S. Geels and L A. Coldrmn AppL Phys. L. 57, 1605 (1990).

will become more severe. An advantage of the buried native T. Wiejki,. L* u r Paafi E. Zeeb. and K. J. Ebelig, IEEE Pbolm
oxide in forming the ring contact to the VCSEL is that the TedwoL Lem. s, 9(1993).
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